This paper deals with the assessment of fatigue crack propagation on the connection between column and brace for a semi-submersible. The analysis of global and local structural responses under different sea states are performed to acquire the transfer functions of stresses. Based on an existing crack the Failure Assessment Diagrams (FAD) are applied as criterion of acceptance for the safety of crack and structure during the crack growth calculation cycle. The crack growth rate considering threshold stress intensity factor and stress ratio is used. During safety assessment the stress response from ultimate sea state is outlined. A comparison of fatigue crack growth using ultimate stress and normal stress data with different crack growth rate is presented. The results show the reliability of fatigue assessment using FAD as a measurement of acceptability of crack propagation.
Introduction
Currently the S-N curve is still effective in engineering field for the fatigue life estimation subjected to the initial state of crack failure. For ship structure that is exposed to fatigue damage reliability-based method [1] is also used in the inspection planning or other aspects corresponding to marine structures. Even aging effects on marine structure integrity [2] are also considered in recent study. In general, the fatigue life is deemed on the occurrence of crack or other types of severe structural defect. Fracture mechanics is introduced in the fatigue assessment and becoming more popular in the aspect of crack propagation which is specifically acknowledged as the second stage of the entire fatigue process. Due to the complexity of the interaction between aggressive marine environment and fatigue wave load, methods for fatigue crack assessment varies from many situations. Nevertheless, all the practices are based on Paris Law [3] and Palmgren-Miner's rule of cumulative damage ratio. Throughout recent years several types of crack growth rate have been developed for the crack growth calculation. McEvily [4] and his co-workers developed the modified constitutive relation which considered the initial defect and effects of load sequence. Huang and Moan [5] [6] [7] presented the unique crack growth rate model which determined the material constants for fatigue life prediction of structures subjected to various amplitude loading history. Cui [8] applied this unique crack growth model into the crack growth calculation for several key parts of a deep water semi-submersible.
As a long-term interaction between offshore structure and marine environment fatigue assessment depends on various factors such as wave loading history, corrosion, wind and other environmental attacks. A basic safety requirement during the crack growth process should not be ignored and thus the Failure Assessment Diagrams (FAD) [9] is introduced in each load cycle during the cracking process. In the field of subsea pipeline, the FAD have been a useful tool for assessing the acceptability of flawed pipelines and also in the fatigue assessment for tubular joints [11] even for non-metallic materials safety assessment [12] . However only constant amplitude loading is used in the normal FAD process and irregular random wave loads are dominant in fatigue assessment. This paper provides a method for using irregular wave load with FAD and performs fatigue assessment of an existing crack. After the global and local structural response analysis, the crack growth calculation will consider the ultimate stress for safety assessment in FAD process. To use random loads, the fatigue wave load history is applied by combining the stress transfer function and wave scatter diagram. It is necessary to split the fatigue wave load into separate cycle for creating single load case for every step of crack growth. Then a comparison is presented for discussion of using ultimate stress response and stress generated by wave loading history in the crack growth calculation. The results show the feasibility and reliability of the method in fatigue crack growth calculation and assessment.
Analysis Approach

Separate Fatigue load cycles
For better understanding a comparison of S-N curve and FAD is listed below in Table 1 . From Table 1 the advantages of introducing FAD into offshore structure fatigue assessment are clearly demonstrated. The only problem is implementing irregular wave load into Separate assessment cycle. According to BS 7910 for the situation of using variable amplitude loading, the stress spectrum should be represented as a distribution of stress ranges versus numbers of occurrences [9] . Based on the P-M rules of linear damage accumulation, the wave scatter diagram can be introduced for dividing the consecutive long-term load distribution into Separate cycles. In this paper wave scatter diagrams in respect to 8 Table 2 . In Table 2 and are presenting significant wave height and average cross zero period respectively. For a specific significant wave height the fatigue stress range can be described as (1) where is stress range under unit wave height by picking maximum stress and minimum stress from stress transfer functions at different phase positions under the same period.
Supposed the annual cycle number of under is then (2) where is the cross zero period of and is the probabilistic occurrence rate of and .
Based on above separation process of irregular wave loads the fatigue assessment of crack growth can be represented as a series of versus . This is a method for assessing the acceptability of crack growth in each fatigue cycle using FAD under irregular amplitude wave load. The complete fatigue assessment procedure is illustrated in Figure 1 . Crack growth cycle starts from the 1 st wave direction which is followed by picking up the periods. Under the specific period all the wave heights in the wave scatter data will be applied with the stress range in the calculation of SIF. The crack growth cycle number under a specific aligns with . Namely the propagation process proceeds with different under corresponding . A new crack growth generation under a new starts with the end of previous number of . A year is counted when all the wave directions and periods are used in the crack propagation process.
The overall procedure relies on FEM analysis of the semisubmersible. The structural stress responses are obtained from the FEM analysis under various sea states. The stress transfer functions are extracted from previous step under unit wave amplitude. For the weld geometry of the cracked component, the hot spot stress is calculated via extrapolation from stresses and at readout points 0.5t and 1.5t [12] ,
When the stress ranges are all prepared then stress intensity factor (SIF) can be calculated for the fatigue assessment with other parameters determined by the weld profile and the crack, such as initial crack size in depth , crack size in width , angle from to , etc. The fatigue assessment processes with the crack growth rate under a single load cycle to obtain an increment on the crack growth size up to the critical crack size . Before generating a new crack size
the FAD is used to analyze the acceptability of the . For conservatism the stress responses under potential critical wave load used in the FAD assessment to evaluate the crack growth status while the wave scatter data is used in calculating the crack propagation increments. This procedure continues until the assessment point of outreaches the assessment line which presents the acceptable limit. At this stage the crack is deemed as failure and the fatigue life of the welded structure is set due. The Fatigue Assessment of Crack Growth Based on Shilun Zhao, Chaohe Chen Failure Assessment Diagrams for Semi-Submersible Tianhui Fan, Yong Jiang, Yijun Shen sequence of 8 diagrams applied in crack growth cycles is in clockwise from North to North West. A reversed sequence of diagrams is also performed in the crack growth process using Paris law for comparison. Since it is based on the Palmgren-Miner's rule of a linear crack growth accumulation, the effect of loading sequence of stress range within each diagram is ignored.
Failure Assessment Diagrams (FAD)
These diagrams are one of the main engineering tools for assessing the fracture-plastic collapse in the cracked components. Simultaneously the fracture and plastic collapse are assessed by normalized parameters fracture ratio and load ratio defined as following,
The fracture ratio of to , corresponding to stress intensity factor and material fracture toughness respectively, evaluates the current cracked component against fracture. The load ratio of to , representing the reference stress and yield strength, is to evaluate the component against plastic collapse. The reference stress varies from different types of crack. Nevertheless, it is defined by primary membrane and bending stress components , also by crack depth , crack width , plate thickness and width in plane of flaw . For the case of surface flaw under normal bending strain considered in this paper, is defined as following, (6) where (7) (8) Corresponding to various types of crack which is denoted as flaw in the BS 7910:2013 [9] , the specifications of can be referred in Annex M and P of the document.
Generally, the failure assessment line is defined as following,
It will be modified due to different situations such as requirement of stress-strain data or ductile tearing. According to BS 7910 Option 1 approach is selected because of lacking uniaxial tensile stress-strain data and not considering ductile crack growth. For these two situations Option 2 and Option 3 approaches are introduced in BS 7910. The assessment line of Option 1 is defined as below, 
In the equation represents tensile strength of material and is elastic modulus. is the permitted value of and is set at a point as (13) The purpose of is to prevent plastic collapse and assessment line is cut off where the is reached.
Fatigue Crack Growth Law
Paris law is the typical crack growth rate expression from experimental practice. Considering a threshold value of , the stress intensity factor corresponding to the hot spot stress range of cracked component, is assumed to be zero if the value of is below the value of . Based on Paris law a modified is used in the calculation of crack propagation. This is the unique crack growth rate developed by Huang [5] for the fatigue life prediction of marine steel structures. Since crack growth rates of welded joint under different applied loading ratios behaves independently, the purpose of bringing up this modified crack growth rate is to establish a concise model for crack growth data under different stress ratios to the curve corresponding to . and are stress intensity factor and threshold value on the level of . is the modifying factor for stress ratio . According to Huang [5, 6, 7] , most of the crack growth rate data gathers around the curve on the level of after transferring the data into data.
In For the simplified fatigue crack growth rate and under the marine environment at temperatures up to 20℃, with or without cathodic protection, both values above are recommended for steels (excluding austenitic stainless steels). Due to situation of overtaken design fatigue life and the cathodic protection has lost effect, the fatigue crack growth threshold for welded joint is set to .
Stress Intensity Factor for Fatigue Assessment
The stress intensity factor is determined by following equation (18) where is the stress intensity correction factor. It contains the primary stress and secondary stress components specifically defined in BS 7910:2013 and for the fatigue assessment only primary stress components offer contribution on the crack growth. Nevertheless, for the fracture assessment both stress components are necessarily considered [9] . Shilun 
Analysis Approach
Finite Element Modelling (FEM)
The finite element model of the semi-submersible is established via ANSYS suite, as seen in Figure 3 . The principle dimensions of semisubmersible are given in Table 3 . Basically, two level of finite element (FE) models are used in the fatigue assessment [13] . Level one consists of the semi-submersible global FE model and is used to obtain global stress and strain on the connection of aft column and brace, where the crack is discovered. In level two the connection is modeled with internal vertical and horizontal stiffeners at each plate and frame. As seen in Figure 4 a refined mesh with boundary condition defined is created on the interconnected plates between brace and outer shell of column. The elements used in the FEM analysis are BEAM188, SHELL181 and MASS21 regarding to line body, surface body and mass unit respectively. The local connection is modeled by slicing the edges from global structure and the boundary conditions are obtained by interpolating the nodes on the cutting edges. According to previous study relating to crack propagation solid elements are applied in the finite element analysis on crack tip positioning and crack grow path predicting [14] [15] [16] . However, the stress response is the only focused parameter in the crack propagation process with built in FAD assessment. Hence the crack tip opening position and the crack grow path are not considered in the element simulation. Considering the integrity and accuracy of load transfer, SHELL 181 is used in the global structure as well as local connection and the mesh is refined for adjacent are around the initial crack.
For the global FE model mesh size is defined in accordance with the spacing of frames. The mesh size of element for connection FE model is set to 1~1.5t, where t is the plate thickness. Boundary conditions are defined at the main deck plane by constraining 3 different nodes according to DNV GL rules [17] . [18] each load case corresponding to one period and one wave heading should be calculated at two-time instances, namely corresponding to a wave crest amidships and a wave zero crossing at the same point. Thus, two phase positions of and are applied in each period and a total number of load case is while the number of stress range is . These pressures applied on the subsea part of structure under different sea state are transferred by AQWA WAVE as Figure 5 shows. During the FE analysis of global structure several characteristic hydrodynamic responses are considered for potential strength failure, such as split force between pontoons , torsion moment about a transverse horizontal axis , longitudinal shear force between the pontoons , longitudinal acceleration of deck mass , transverse acceleration of deck mass , vertical acceleration of deck mass . Definitions for these kinds of responses are given in DNV GL codes [18] and these types of responses correlate to various potential critical load cases of the structure. A design wave approach [18] is applied for the semi-submersible platform to define design wave loads and to evaluate the stress of characteristic responses. In table 4 
Define Crack Properties
As crack growth process is very sensitive to input parameters, the initial crack dimensions are carefully selected in previous study. For example, N S. Ermolaeva [20] decides the depth and width of crack according to BS 7910:2005 for analyzing partial penetration weld in a steeling casting. Other studies [8] [13] [20] [21] also choose the initial dimensions of crack based on current codes in a conservative way when they are lacking available data of crack properties. It is also recommended to use actual crack data detected by available devices [9] as Wolfgang Fricke [22] and G. Terán [23] perform physical fatigue test on welded steel structures.
The type of material used is DH36 and the yield strength and tensile strength are 355 MPa and 490 MPa respectively. Crack located in the plate between left aft column and brace is detected upon subsea inspection by ACFM device and is parallel to the direction of weld, considered as toe crack for conservatism. According to the definition of flaw types from BS 7910:2013, this crack is defined as surface planar flaw due to its orientation and location in the connection. The initial crack depth , initial crack width . The adjacent plate thickness of aft column is .
Fatigue Assessment Results and Discussions
Crack growth calculation proceeds after the FEM analysis by splitting fatigue load distribution into Separate cycles as described in chapter 2.1. Using 2 types of crack growth rate and using stress range under ultimate sea state as unique constant fatigue load for the propagation calculation, also using the Paris Law under the reversed load sequence of wave scatter diagrams. the results are listed below in Table 3 . The paths of assessment points under 2 types of growth rate are recorded in Figure 7 . The crack growth in depth with the increment of load cycles is presented in Figure 8 .
From Table 5 This fact can be explained by the stress range used within the crack growth cycles. Ultimate stress range contributes more in each fatigue cycle with bigger values of than the stress ranges from wave scatter diagram do. This is also reflected from Figure 7 that the numbers of assessment points are less from Figure 7 (a) than from Figure 7 (b)&(c). The numbers of assessment points represent the effective load cycles from different load case. Thus, with bigger value of within a crack growth cycle the crack growth size on depth or width is bigger, which means fatigue crack propagates faster. The structure will reach failure with less fatigue load cycles. This can contribute to shorter remaining life.
According to Table 5 and Figure 7 , using unique crack growth rate to calculate and assess fatigue crack gives results on an intermediate level other than those using Paris law under ultimate sea state and pure Paris law. It shows in Figure 8 that the crack growth process generates less 17000 load cycles approximately under unique crack growth rate than under Paris law. In terms of critical crack sizes, they are relatively close when it comes to two crack growth rates with 1.7%. and 1.3% deviation in depth and width respectively. This is aligned with the theory study of Huang [5, 6, 7] and practice of Cui [8] . Huang pointed that mean value unique crack growth rate was obtained by transferring crack growth rate under any stress ratio to that under zero stress ratio. Comparing to the database of curves of versus the curve under zero stress ratio is in the mediate level among the curves under other values of stress ratio (from ). Cui performed fatigue crack growth with consecutive stress spectrum using Huang's unique crack growth rate and obtained shorter remaining fatigue life than using traditional Paris law. This fact is also approved in this paper by using splitting consecutive stress ranges into separate fatigue load cycle and adding in the FAD as a standard for evaluating the safety and acceptability of each fatigue crack growth in the load cycles.
By comparing the results from crack propagation under normal sequence and reversed sequence, as shown in Table 5 , Figure 7 (b) and Figure 8 , it can be concluded that random loading sequence from wave scatter diagrams merely has an effect in the separate crack growth cycles. As it is mentioned above this separate propagation process is based on linear damage accumulation, for a specific diagram the range of and with the combination of load cases are set. Thus, the results from 2 type of sequences are almost equal and the effect of loading sequence of diagrams can be ignored.
Furthermore, the largest critical crack size (in depth or in width), and , is still far from penetrating the plate thickness, , of the local connection between column and brace. Above all, it proves that the method applied in this paper can provide a reasonable and reliable result on calculating and assessing structural fatigue crack.
According to the Shao [10] , who performed physical tests on the crack in a T shape tubular joint and applied FAD on assessing the safety of welded tubular joint containing fatigue cracks, all types of failure assessment diagrams have sufficient safety redundancy and using FAD in assessing welded tubular joints is safe and relatively conservative. Thus, it can be concluded that using Option 1 assessment line is safe on assessing fatigue crack growth. Besides, based on above works the results obtained in this paper could be reliable preference for engineering practice. 
Conclusions
In this paper a new method for calculating and assessing fatigue crack growth in column and brace connection of semisubmersible is introduced. By splitting consecutive stress spectrum or stress ranges into the distribution of stress ranges versus their occurrences using scatter diagram, the Option 1 assessment line is added into the separate crack growth cycles as a tool for assessing the propagation safety of fatigue crack. Using unique crack growth rate on predicting critical crack size and remaining life is more reliable than using traditional Paris law. Option 1 assessment line is optional on choosing FAD according to previous study since all kinds of current FAD are relatively conservative.
This method is based on P-M rules of linear accumulative damage, which is widely acknowledged suitable in engineering practices. By comparing crack growth process under normal and reversed sequences of loading using wave scatter diagrams, it is approved that the effect of loading sequence of diagrams can be ignored. Through the assessment of FAD it can be assured that each crack growth size or is considered as acceptable in fatigue load cycles. Due to lack of physical tests data the accuracy of the calculation is still under investigation. However, by comparing to existent study the practice in this paper still provides reasonable results on the critical values of fatigue crack and is proved to be aligned with previous work. The method presented in this paper extends the use of FAD to the randomly loaded offshore structure by applying wave scatter diagrams and separating crack growth cycles. According to Table 1 it considers the stress components which include the primary and secondary stress components in the stress intensity factor and via applying wave scatter diagrams and by splitting crack growth process into separate cycles, the accuracy of crack propagation calculation is improved and more reliable with the safety evaluation of FAD. Therefore, it is concluded the method presented in this paper is practical in fatigue assessment of semisubmersible and reliable on providing critical values of fatigue crack.
